Hydrogenated nanocrystalline silicon films were prepared by hot-wire method at low substrate temperature (200
Introduction
In recent years, hydrogenated nanocrystalline silicon (ncSi:H) has gained much attention over amorphous silicon (aSi:H) due to its potential application in electronic and optoelectronic devices such as thin film solar cells and thin film transistors (TFTs). The material have several inherent advantages compared to a-Si:H such as high electrical conductivity [1] , high charge carrier mobility [2] , high doping efficiency [3] , better stability [4] , and tailorable band gap [5] . Several direct chemical vapor deposition (CVD) methods have been used to prepare device quality nc-Si:H films. These include hot wire CVD [6] , electron cyclotron resonance CVD [7] , conventional plasma-enhanced-CVD [8] , very high frequency plasma-enhanced CVD [9] , and microwave CVD [10] . Among these, only PE-CVD has been established for industrial applications. However, the device quality nc-Si:H films prepared by PE-CVD method at optimized deposition parameters show lower deposition rate due to use of high hydrogen dilution of silane (SiH 4 ) during the deposition. The lower deposition rates increase the process operation time and hence the production cost. In addition, constraining the film deposition to a narrow substrate temperature range involves the complexity of control on hydrogen, which is responsible for the light-induced degradation of electronic properties [11] . Therefore, investigations of alternate deposition methods, which allow high deposition rates and device quality, are desirable.
Hot wire chemical vapor deposition method (HW-CVD) or simply "hot-wire method" has received considerable attention in recent years as an alternative deposition method for the synthesis of nc-Si:H films. In hot wire method, the precursor gases like SiH 4 , H 2 , and so forth are passed over a heated filament at elevated temperature. These feed gases undergo catalytic cracking reaction at the surface of heated filament thus forming different radicals. These radicals may further undergo chain gas phase reactions and get modified before getting deposited at the substrate. This method has advantageous over conventional PE-CVD method in several ways; (i) absence of plasma assisted process leads to less lightinduced degradation in the HWCVD films [12, 13] (ii) lack of ion bombardment on the growing film surface which is responsible for creation of defects in the films and thus deterioration of device performance [14] ; (iii) high deposition rates [15] by the process of efficient catalytic cracking of the feed gases into film forming radicals; (iv) feed stock gases are utilized much more efficiently, thus reducing the processing cost further [16] ; (v) films made by this method have less stress than those made by PE-CVD method [17] ; (vi) films grown using this method have improved stability against the light-induced degradation [18] ; (vii) both aSi:H and μc/nc-Si:H films can be prepared at low substrate temperature [19, 20] without losing the material quality. This opens up the possibility of using low cost and flexible substrates like plastics. Simplicity of the design is another added advantage over other deposition processes.
We are in the process of development nc-Si:H based solar cells by indigenously designed and locally fabricated dualchamber hot wire method. The process parameters play a crucial role in determining the film properties in hot wire method. These parameters affect the film properties in different ways, and, in order to obtain desired film properties, an optimum set of parameters need to be selected. It is well known that the process pressure (P p ) is one of the crucial parameter in hot wire method. A detailed knowledge of influence of process pressure on structural and optical properties of nc-Si:H films is important for both understanding fundamental physics of growth process as well as the fabrication of novel devices. However, so far there exist only few reports in the literature about the influence of process pressure on fundamental properties of nc-Si:H films. For example, Halindintwali et al. [21] investigated the influence of process pressure on film growth and properties of nc-Si:H films by hot wire method. Using in-situ spectroscopic ellipsometry Bauer et al. [22] have reported the improvement of the material quality by varying gas pressure during deposition. They have also reported significant increase in the collection efficiency of p-i-n solar cell in which i-layer was deposited by hot wire method. Luo et al. [23] studied the effect of process pressure on the microstructural and optoelectrical properties of B-doped nc-Si:H thin films grown by hot wire method. They have shown that the crystallinity of nc-Si:H is determined by not only hydrogen dilution but also the concentration of atomic H to SiH 3 on the growing surface which is varied with process pressure. However, there is lot of room for the improvement of film properties particularly at low process pressure because the relation between process pressure and structure and properties of the resulting films has not been elucidated yet. It is with this motivation that we initiated the detailed study of preparing nc-Si:H thin films at low process pressure without hydrogen dilution of silane. In this paper, we present the details of investigation of structural and optical properties of nc-Si:H films deposited by hot wire method from pure silane, that is, without hydrogen dilution as a function of process pressure. It has been observed that these properties are greatly affected by the process pressure. Figure 1 shows the schematic of indigenously designed, locally fabricated dual chamber hot wire method used for the synthesis of nc-Si:H films. The apparatus consists of two stainless steel chambers, referred to as process chamber and load lock chamber. The process chamber is coupled with a turbo molecular pump which yields a base pressure less than 10 −6 Torr. Use of load lock chamber prevents the process chamber to be directly exposed to air, which minimizes the pump down time and reduces contamination of layers with oxygen and water vapors. Substrates can be moved from load lock to process chamber using pneumatically controlled transport system. The pressure during deposition was kept constant by using automated throttle valve. For deposition, we have used 10 straight W filaments, 1 cm apart mounted parallel to each other. Each filament has a diameter of 0.5 mm and a length of 10 cm. Heating of filaments is done by an AC current using a current transformer and dimmer. The filament temperature is measured by optical pyrometer. A shutter is placed in front of the substrates to shield the substrates from undesired deposition during preheating of filaments. Reaction gases were introduced in the process chamber from the bottom and perpendicular to the plane of filaments through a specially designed gas shower to ensure uniform gas flow over the filaments. The substrates can be placed on substrate holder which is heated by inbuilt heater using thermocouple and temperature controller. Films were deposited simultaneously on Corning number 7059 glass and c-Si wafers using pure silane (SiH 4 ) (Matheson Semiconductor Grade) without hydrogen dilution. The SiH 4 flow rate was kept constant (5 sccm), while process pressure was varied from 30 mTorr to 300 mTorr. Other deposition parameters are listed in Table 1 .
Experimental Details

Film Preparation.
Prior to each deposition, the substrate holder and deposition chamber were baked for two hours at 100
• C to remove any water vapor absorbed on the substrates and to reduce the oxygen contamination in the film. After that, the substrate temperature was brought to the desired value by appropriately setting thermocouple and temperature controller. Deposition was carried out for desired period of time, and films were allowed to cool to room temperature in vacuum. 
Film Characterization.
Fourier transform infrared (FTIR) spectra of the films were recorded by using FTIR spectrophotometer (JASCO, Japan). Hydrogen content (C H ) was calculated from wagging mode of IR absorption peak using the method given by Brodsky et al. [24] . The band gap was estimated using the procedure followed by Tauc [25] . Raman spectra were recorded with microRaman spectroscopy (Jobin Yvon Horibra LABRAM-HR) in the wavelength range 400-700 nm. The spectrometer has backscattering geometry for detection of Raman spectrum with the resolution of 1 cm −1 . The excitation source was 632.8 nm line of He-Ne laser. The power of the Raman laser was kept less than 5 mW to avoid laserinduced crystallization on the films. The Raman spectra were deconvoluted in the range 380-560 cm −1 using the Levenberg-Marquardt method [26] . For the calculation of crystalline fraction (X Raman ) and crystallite size (d Raman ), we have followed the method given by Kaneko et al. [27] and He et al., respectively [28] . Low angle X-ray diffraction pattern were obtained by X-ray diffractometer (Bruker D8 Advance, Germany) using CuK α line (λ = 1.54056Å ). The average crystallite size was estimated using the classical Scherrer's formula [29] . Thickness and refractive index were determined by UV-visible spectroscopy using the method described elsewhere [30] .
Results and Analysis
We have synthesized nc-Si:H films by employing locally fabricated dual chamber hot wire method using pure silane without hydrogen dilution. The film characteristics, such as the deposition rate, volume fraction of crystallites and its size (as revealed by Raman scattering, low angle Xray diffraction), surface topography (as revealed by atomic force microscopy), hydrogen bonding configuration and hydrogen content (as revealed by Fourier transform infrared spectroscopy), and band gap, thickness, and refractive index (as revealed by UV-visible spectroscopy), are presented as a function of process pressure.
Variation of the Deposition Rate.
The variation of deposition rate (r dep ) plotted as a function of process pressure (P p ) is shown in Figure 2 . It is seen from the figure that the deposition rate increases from ∼9.2Å/s to ∼15.8Å/s when the process pressure increases from 30 mTorr to 110 mTorr. With further increase in process pressure to 300 mTorr, the deposition rate saturates at ∼17.5Å/s. The impingement rate of gas molecules on filament is given by p/ 2πm K B T with m is the molecular mass, k B is Boltzman's constant, and T is the gas temperature [31] . Thus, with increase in process pressure, the impingement rate of silane on the hot filament increases. As a result, the number of filmforming radicals and hence the deposition rate increase. With further increase in process pressure, the supply of film-forming radicals also increases. However, due to the limited surface of the filaments, the supply of SiH 4 to the filament becomes restricted. As a result, a saturation point of the decomposition of the SiH 4 may occur at the hot filaments. Therefore, the deposition rate saturates at high process pressure.
Low Angle X-Ray Diffraction Analysis.
The crystallinity of the films was studied by low angle X-ray diffraction (XRD). Films deposited on corning glass were used for the XRD measurements. The spectra were taken at a grazing angle of 1 • . Figure 3 displays the XRD pattern of the films deposited at various process pressure (P p ). The average crystallite size (d X-ray ) estimated using the classical Scherrer's formula is also indicated in the pattern. The pattern appear with a broad hump around 2θ = 27
• for the films prepared at P p < 70 mTorr without any evidence of crystallinity. However, the diffraction peak appears radically as the process pressure increases to 90 mTorr. The peaks located around 2θ ∼ 28.4
• , ∼47.3
• , and ∼56.1 • corresponding to the (111), (220), and (311) crystallographic planes of c-Si, respectively, appears in the pattern, demonstrating a proper growth of nc-Si:H films without hydrogen dilution of silane. With further increase in process pressure, the diffraction peaks corresponding to all the crystallographic planes were found to increase, both in intensity and sharpness. It demonstrates the enhancement of volume fraction of crystallites and its size in the film with increase in process pressure. Thus, the estimated average crystallite size obtained for the films deposited at P p = 90 mTorr, 110 mTorr, 200 mTorr, and 300 mTorr are 17.5 nm, 18.7 nm, 20.7 nm, and 22.0 nm, respectively.
Raman Spectroscopic Analysis.
Raman scattering is a sensitive tool for studying Si:H material because it gives direct structural evidence quantitatively related to the nanocrystalline and amorphous component in the material. Figure 4 shows Raman spectra of Si:H films deposited at various process pressure (P p ). The estimated crystalline volume fraction (X Raman ) and crystallite size (d Raman ) in the films are also indicated in the figure. Each spectrum shown in Figure 4 has been deconvoluted into two Gaussian peaks and one Lorentzian peak with a quadratic base line method mentioned in the film characterization section. Figure 5 represents a typical deconvoluted Raman spectra for the nc-Si:H film prepared at P p = 300 mTorr. As seen from Figure 4 , films deposited at P p = 30 mTorr has only a broad shoulder of transverse optic (TO) band centered ∼480 cm −1 which corresponds to typical a-Si:H film. However, the film deposited at P p = 50 mTorr shows the onset of nanocrystallization. The asymmetry of the TO band suggests the existence of a mixed phase distribution. The Raman spectra for this film show a broad shoulder centred ∼480 cm −1 , associated with the amorphous and other very small TO phonon peak centred ∼515 cm −1 originating from nanocrystalline phase [32] . The crystalline volume fraction (X Raman ) and crystallite size (d Raman ) calculated for this film are 2.5% and 3.62 nm, respectively. Thus, Raman scattering analysis clearly indicates that the amorphous-tonanocrystalline transition in Si:H films can be obtained using hot wire method without hydrogen dilution of silane Intensity (a.u.)
Raman shift (cm −1 ) Figure 5 : Deconvoluted Raman spectra for a nc-Si:H film prepared at P p = 300 mTorr with two Gaussian peaks and one Lorentzian peak and a quadratic base line, with an algorithm based on the Levenberg-Marquardt method [26] .
by varying the process pressure. With increasing process pressure, the TO peak is shifted towards the higher wave number, and this can be attributed to the small increase in crystallite size [33] , whereas increase in intensity indicates increase of volume fraction of crystallites in the film. So, the film deposited at P p = 300 mTorr, the Raman spectrum shows nanocrystalline phase with the TO phonon peak centered at ∼517 cm −1 and a small amorphous content in it. For this film, X Raman is ∼63% and d Raman is ∼6.02 nm. Therefore, with increase in process pressure, both, X Raman and d Raman in the film increase. These results are consistent with XRD results and give further strong support to the formation of nc-Si:H films by hot wire method without hydrogen dilution of silane.
It is interesting to note that the nc-Si:H films were obtained at remarkably high deposition rates (>15Å/s), compared to ∼3Å/s reported for hot-wire method [34] and ∼0.25-0.5Å/s for RF-PE-CVD methods [35] . Film particle sizes measured by XRD method turned out significant difference with that measured by Raman method. The difference can be due to the different detection sensitivity of characterization techniques. However, it is important to note that the crystallite size determined by both techniques at various process pressure shows same trend. Figure 6 shows surface topography of a-Si:H and nc-Si:H films, investigated by noncontact atomic force microscopy (NC-AFM). With increase in process pressure (P p ), significant differences in structure can be seen. As seen from Figure 6 (a), the films deposited at P p = 30 mTorr show small and nonuniform grains indicating amorphous nature of the material [36] . With the onset of crystallization, that is, the films deposited at P p = 90 mTorr (Figure 6(b) ), well-resolved, large number of nearly spherical clusters with well-defined grain, grain boundaries were observed on the film surface. Each cluster has an individual identity with its size in the range of ∼50-60 nm and surface roughness ∼5 nm. As seen from Figure 6 (c), when the film is deposited at P p = 300 mTorr, a large number of spherical shape crystalline agglomerates are observed [36] . The average cluster size and surface roughness were ∼150-160 nm and ∼16 nm, respectively. These results suggest that with increasing process pressure, the films prepared by hot wire method become porous and defective. Difference between the average grain size determined by XRD and AFM techniques has been reported previously [37] .
Atomic Force Microscopy.
Fourier Transform Infrared Spectroscopy Analysis.
To investigate the Si-H bonding configuration and to determine the hydrogen content (C H ) in the Si:H films, Fourier transform infrared (FTIR) spectroscopy was used. The FTIR spectra (normalized for thickness) of Si:H films deposited by hot wire method at different process pressure (P p ) are shown in Figure 7 . For clarity, the spectra have been broken horizontally into two parts. As seen from the figure, the films deposited at P p = 30 mTorr have major absorption bands at ∼631 cm −1 and ∼2000 cm −1 , which correspond to the wagging vibrational modes of different bonding configurations and the stretching vibrational mode of monohydride (Si-H) species, respectively [38] . In addition, the spectrum also exhibits an absorption band ∼800-1000 cm −1 that has been also observed with lesser intensity and assigned to the bending vibrational modes of Si-H 2 and (Si-H 2 ) n complexes [39] . Thus, the films deposited at low process pressure, the hydrogen incorporated mainly in Si-H bonded species. With increase in process pressure, the absorption of 631 cm −1 band decreases. At the same time, the absorption of band at ∼2000 cm −1 completely disappears and an absorption at 2100 cm −1 predominantly emerges in the spectrum, and its intensity increases with increase in process pressure. According to the literature the absorption band ∼ 2100 cm −1 corresponds to stretching vibrational modes of Si-H 2 and (Si-H 2 ) n species [40] . These results indicate that the predominant hydrogen bonding in hot wire method deposited nc-Si:H films shifts from monohydride (Si-H) bonded species to dihydride (Si-H 2 ) and polyhydride ((Si-H 2 ) n ) with increasing process pressure. The appearance of absorption band ∼2100 cm −1 for the films deposited at high process pressure can be attributed to the increase in the crystalline volume fraction with increasing the process pressure as revealed from the Raman and XRD results (see Figures 3 and 4) . Han et al. [41] and Itoh et al. [42] have also observed the increase in intensity of absorption band at 2100 cm −1 for HW-CVD and PE-CVD grown nanocrystalline films due to increase in volume fraction of crystallites. They attributed this peak to the clustered Si-H at the grain boundaries due to the nanosize Si crystallites embedded in a-Si:H. In addition to these vibrational bands, a strong absorption peak ∼1067 cm −1 associated with the asymmetric Si-O-Si stretching vibration is also seen in the FTIR spectrum for the films deposited at higher process pressure. This is indicative of an oxidation effect caused by its porous-like microstructure, which is a typical feature for nc-Si:H thin films [43] . The atomic force microscopy analysis further supports this. It was found that the hydrogen content in Si:H materials calculated from different methods is quite different. However, it has been reported that the integrated intensity of the peak ∼630 cm −1 is the best measure of hydrogen content and other bands are less reliable [40] . Whatever may be the nature of the hydrogen bonding configuration, Si-H, Si-H 2 , (SiH 2 ) n , SiH 3 , and so forth, all types of the vibrational modes will contribute to the 630 cm −1 absorption band [44] . Thus, the hydrogen content has been estimated using integrated intensity of the peak at 630 cm −1 . Figure 8 shows the variation of hydrogen content (C H ) as a function of process pressure. As seen from the figure, hydrogen content in the film decreases from ∼8.7 at.% to ∼1. 24 at.% as process pressure increases from 30 mTorr to 300 mTorr. Figure 9 shows variation of band gap as a function of process pressure for the films deposited by hot wire deposition method. Also, it shows the variation of static refractive index as a function of crystalline volume fraction estimated from Raman spectroscopic analysis. As seen from the figure, the band gap of nc-Si:H films increases from 1.83 eV to 2.11 eV as deposition pressure increases from 30 mTorr to 300 mTorr, whereas the refractive index decreases from 2.83 to 2.38 when crystalline volume fraction in the nc-Si:H films increases from 2.5% to 63%. We attribute increase in band gap in hot wire grown nc-Si:H to increase in volume fraction of crystallites in the film with increase in process pressure.
UV-Visible Spectroscopy Analysis.
Discussion
It has been observed from the Raman scattering and XRD analysis that the films deposited at low process pressures (P p < 70 mTorr) are amorphous, whereas the films deposited Journal of Nanotechnology at high process pressures (P p > 70 mTorr) are nanocrystalline having Si nanocrystals embedded in amorphous matrix. Most of the earlier reports on nc-Si:H films deposited by various methods invoke a high hydrogen dilution in order to observe the amorphous-to-nanocrystalline transition. However, in the present study, amorphous-to-nanocrystalline transition is observed using pure SiH 4 without hydrogen dilution by varying the process pressure. Thus, hydrogen dilution of SiH 4 is not necessary to obtain nc-Si:H films by hot wire method. A possible explanation for amorphous-tonanocrystalline transition for our films in hot wire method without hydrogen dilution of SiH 4 may be due to increase in nucleation rate of nanocrystallites owing to increase in atomic H with increase in process pressure. For the deposition of Si:H films by hot-wire method, we have employed filament temperature of 1900 • C. At this filament temperature, every SiH 4 molecule upon dissociation yields one Si atom and four H atoms. Therefore, without hydrogen dilution of SiH 4 , a significant amount of atomic H, present in the deposition chamber since hot filament is a very effective source of atomic H [45, 46] . The presence of abundance of atomic H on, or near, the growing surface plays an important role in amorphous-to-nanocrystalline transition in hot wire method. We think that for the employed filament temperature and filament-to-substrate distance, the density of thermal atomic H at the growing substrate surface increases with increase in process pressure. Because of the extremely small physical dimension and excellent solubility of atomic H into the Si-network, these energetic atomic H may penetrate several layers below the growing surface and promote network propagation reactions. It includes dangling bond compensation, breaking weak Si-Si bonds and reconstructing new strong Si-Si bonds, strain minimization, and so forth. It gives chemical potential to the growing surface by breaking disordered and strained bonding sites, thereby promoting the structural reorientation for attaining energetically favorable configuration. This promotes nanocrystallization, that is, amorphous-to-nanocrystalline transition by eliminating H from the growing network [47, 48] . Increase in volume fraction of crystallites as revealed from Raman spectroscopic analysis ( Figure 4 ) and decrease in hydrogen content (Figure 8 ) with increase in process pressure support this. Besides, the H coverage of the growing surface enhances the diffusion of the adsorbed radicals such as Si-H, Si-H 2 , or (Si-H 2 ) n [49] . The appearance of the absorption peak at ∼2100 cm −1 together with the wagging mode absorption in the range 800-1000 cm −1 in the FTIR spectra and enhancement in their intensity with increase in process pressure support this. The precursors like Si-H 2 or (Si-H 2 ) n have higher sticking coefficient and thus contribute to the sharp increase in the deposition rate (see Figure 2 ). In addition, atomic H act as an efficient etchant for Si atoms form the weak Si-Si bonds at the growing surface and which further promote the nanocrystallization when chemical equilibrium between deposition and etching is attained [50] . The saturation of deposition rate for the films deposited at higher process pressure (Figure 2 ) supports this conjecture.
In PE-CVD, the band gap for Si:H films exhibits a clear relation with hydrogen content in the film. It increases with increase in hydrogen content in the films. However, in the present study, concerning the process pressure, the hydrogen content in the film decreases (see Figure 8 ) whereas the band gap shows increasing trend (see Figure 9) . Thus, only a number of Si-H bonds cannot account for the band gap in nc-Si:H films deposited by hot wire method. The typical value of the band gap of a-Si:H is between 1.6 and 1.7 eV depending on the process parameters whereas for crystalline silicon its value is 1.1 eV. Accordingly, in the case of a mixed phase of crystalline and amorphous, that is, nanocrystalline phase, the band gap should lie between amorphous and crystalline silicon. However, in the present investigations, we found that the band gap of nc-Si:H as high as 2 eV or much higher. The widening of the band gap of nc-Si:H films has been attributed by various researchers to the quantum confinement effect [51, 52] , improvement of short and medium range order [53] , presence of the larger number of nanocrystalline grains [54] , and presence of oxygen [55] . Very recently, Gogoi et al. [56] reported high band gap nc-Si:H prepared by hot wire method. They attributed presence of low density amorphous tissues and microvoids along with the improvement of SRO in nc-Si:H films responsible for high band gap of the films. Thus, there are several ambiguities about the band gap of nc-Si:H films because the material contains both phases, amorphous and crystalline, and their properties vary with the volume fraction of these phases. We believe that the high band gap in hot wire method grown nc-Si:H films may be due to the increase in crystalline volume fraction (or the decrease in the percentage of amorphous silicon) in the film, as revealed by Raman spectroscopic analysis. This inference is further strengthened by the observed variation in static refractive index with process pressure (see Figure 9 ). The static refractive index decreases with increase in process pressure indicating decrease in the material density in the film. The decrease in material density may increase the average Si-Si distance. This lowers the absorption in the film and shifts the transmission curve towards high photon energy. This produces higher band gap, which is estimated by extrapolation of absorption curve on the energy axis.
Conclusions
We have shown that hydrogenated nanocrystalline silicon (nc-Si:H) films can be prepared from pure silane without hydrogen dilution at high deposition rates (>15Å/s) and at low substrate temperature (200
• C) using hot-wire method. The amorphous-to-nanocrystalline transition in the films is confirmed by micro-Raman spectroscopy and low angle X-ray diffraction analysis. Films with different crystalline fractions (5% to 63%) and crystallite size (3.6-6.0 nm) are achieved by controlling the process pressure. Characterizations of these films using Fourier transform infrared spectroscopy revealed that the hydrogen bonding in the films shifts from monohydride, Si-H, to dihydride, Si-H 2 , and polyhydride, (Si-H 2 ) n , complexes with increase in process pressure. We have observed high band gap (1.83-2.11 eV) in the films, though the hydrogen content is low (<9 at.%) over the entire range of process pressure studied. From the present study, it has been concluded that the process pressure is a key process parameter to induce the crystallinity in the Si:H films by hot wire method. The ease of depositing films with tunable band gap and at high deposition rate is useful for fabrication of tandem solar cells. However, further detailed experiments are required to study the effect of other process parameters to optimize the nc-Si:H films before starting nand p-type doping for solar cells applications.
